Layered magnetic materials are attractive from the point of view of fundamental science and applications. Interest in their study was boosted by the observation of interlayer exchange coupling in magnetic multilayers, 1 followed by the discoveries of the giant magnetoresistance (GMR) 2, 3 effect, which revolutionized applications such as data storage and magnetic recording, and have launched the vast field of spintronics. 4 Extensive research on multilayers composed of magnetic and nonmagnetic material includes, for example, magnetoresistance ratios, 5, 6 magnetic switching, 7 thermal stability, 8, 9 and scalability. 8 The resulting layered magnetic structures in various applications are, in general, on the nanosize level. Engineering will show what currently used materials can achieve, and when, and at what feature size other materials are needed. Here we identify, to the best of our knowledge, a previously unknown class of atomic-thin magnetic layered materials based on M n+1 AX n (MAX) phase nanolaminated ternary compounds, using first-principles calculations to study trends in phase stability for potential magnetic MAX phases. A stable magnetic phase, the (Cr 1−x Mn x ) 2 AlC alloy, is identified, and its magnetic and electronic properties are evaluated. We observe that ferromagnetically ordered Mn layers are exchange coupled via nearly nonmagnetic Cr layers, forming an inherent structure of atomic-thin magnetic multilayers. We also show that the exchange coupling in this system can be tuned via a control of degree of intermixing between Mn and Cr in their respective layers. The strongly anisotropic electronic structure, combined with a tunable exchange coupling and thermodynamic stability, give these materials high potential for electronics and spintronics applications.
MAX phases represent a class of naturally nanolaminated materials with a common formula M n+1 AX n (n = 1 − 3), where M is an early transition metal, A is an A-group element, and X is carbon or nitrogen. 10 The hexagonal structure, which belongs to the P 6 3 /mmc (No. 194) space group, can be described as M n+1 X n layers interleaved with an atomic layer of A elements, which for n = 1 results in a M-X-M-A-M-X-M-A atomic-layer stacking in the c direction. These compounds have lately attracted extensive attention due to their unique combination of physical, chemical, electrical, and mechanical properties, combining the characteristics of ceramics and metals. 11 In addition, vastly anisotropic optical and electronic properties are predicted, with tunable conductivity in the c direction. 12 Combining the inherent nanolaminated structure and known characteristics, such as high stability, high wear resistance, and highly anisotropic properties, with magnetism, would potentially give rise to functional materials for various spintronics applications. To date, there are more than 60 known M n+1 AX n phases. 13 However, to the best of our knowledge, none have experimentally been demonstrated to show magnetic behavior. The few theoretical studies available [14] [15] [16] have not been able to identify suitable thermodynamically stable candidates, and hence the task of predicting a stable magnetic MAX phase is still open.
Throughout this work, ab initio calculations based on density functional theory (DFT) were performed using the projector augmented-wave (PAW) method 17 as implemented within VASP. 18, 19 The Perdew-Burke-Ernzerhof (PBE) 20 generalized gradient approximation (GGA) was used for the exchange and correlation functional in its spin-polarized version. Reciprocal-space integration was performed within the Monkhorst-Pack scheme 21 with a plane-wave cutoff energy of 400 eV. The calculated total energy for all phases included in the present Rapid Communication are converged to within 0.1 meV/atom in terms of k-point sampling and plane-wave energy cutoff. Structural optimizations were performed in terms of unit-cell volumes, c/a ratios (when necessary), and internal parameters to minimize the total energy. Nonmagnetic (NM), ferromagnetic (FM), and different antiferromagnetic (AFM) states were tested for each phase and the configuration with lowest energy was included in the study.
Based on a recently developed procedure, 22, 23 here the stability of potential magnetic M n+1 AlC n phases was systematically evaluated for M = Cr, Mn, Fe, and Co in NM, FM, and different AFM states. In order to include known as well as hypothetical competing phases, careful investigations of phase diagrams (see, e.g., Ref. 24) , including both experimental and theoretical work, were carried out. A linear optimization procedure 22, 23 was then used to identify the set of most competing phases with respect to each M n+1 AlC n phase. The calculated energy differences in the present study are converged to within 0.1 meV/atom. Expressed in total energy per atom (in eV), the formation enthalpy H cp with respect to the identified most competing phases (cp) at zero pressure and temperature is calculated according to The results for M = Cr, Mn, Fe, and Co systems are presented in Fig. 1 for M n+1 AlC n phases in their lowestenergy magnetic states. H cp increases as the valence of the M element increases, for all n. Cr 2 AlC is identified as the only stable M n+1 AlC n phase, in accordance with experimental observations, with a negative H cp of −0.067 eV/atom. However, Mn 2 AlC is very close to thermodynamic stability with H cp being just +0.005 eV/atom. Here, the most competing phases, out of all the phases included, 23 are identified as Mn 3 AlC, MnAl, and C. Fe 2 AlC is found to be quite metastable with H cp = +0.116 eV/atom, and it should decompose into the inverse perovskite, Fe 3 AlC, 25, 26 in combination with FeAl and C. The discrepancy with previously reported results on this system 14 highlights the need to include all competing phases in phase stability studies. The trend in increasing instability is continued with Co 2 AlC, where the most competitive phases are CoAl, Co, and C. As H cp is comparatively large for all phases with n = 2 and 3, they will not be further discussed in this work.
In the inset of Fig. 1 2 AlC alloy. For the disordered M element configurations, an appropriate supercell was chosen based on the criterion to mimic an atomic distribution in a random alloy, i.e., M-site correlation functions equal to zero. This is achieved by simulating a solid solution of Cr and Mn on the M sublattice by the so-called special quasirandom structures (SQS) method, as suggested by Zunger et al. 29 and introduced for MAX phases by us. 220403-2 disordered systems (circles) as a function of x. Note that H cp is negative for the ordered systems only, with a minimum of −0.045 eV/f.u. at x = 0.50 for the Mn-C-Mn configuration. The corresponding lattice parameters a and c have increased by ∼0.5% and decreased by ∼0.7%, respectively, as compared to relaxed Cr 2 AlC. Moreover, the c/a ratio decreases almost linearly from 4.47 (x = 0.00) to 4.36 (x = 1.00). For the disordered M alloys, positive values of H cp are found for all x, with a maximum of +0.064 eV/f.u. at x = 0.50. However, at finite temperature, the configurational entropy due to the disorder (with respect to M elements) in the solid solution makes it more compatible with respect to chemically ordered states, as well as with respect to decomposition into competing ordered phases. It is therefore justified to consider magnetic properties of ordered as well as disordered phases in the continued discussion.
The average magnetic moment per M atom of ferromagnetic (Cr 1−x Mn x ) 2 AlC is shown in Fig. 2(b) , together with the average local moments at Cr and Mn atoms. The figure clearly shows that the major contribution to magnetism in this system comes from the Mn atoms, while Cr is nearly nonmagnetic in the chemically ordered (layered) structures. The Cr moments are smaller and less stable than the Mn moments, an effect which is most pronounced for disordered systems at x = 0.25, where their individual spread is largest. The presented observations make the investigated material resemble magnetic multilayers, though with the interlayer spacing decreased from the nanolevel to the atomic scale. To complete this analogy, we must answer several questions: What is the magnetic ground state of (Cr 1−x Mn x ) 2 AlC? How stable is it with respect to magnetic disorder? Is there an exchange coupling between the atomic-thin magnetic layers, and can it be controlled? We consider these questions below.
A detailed evaluation of the energies of different magnetic states is shown in Fig. 3 for chemically ordered and increasingly disordered (with respect to the M element) configurations in the (Cr 0.5 Mn 0.5 ) 2 AlC alloy. For the ordered Mn-C-Mn case we find that the magnetic ground state is degenerate between FM and dAFM. The latter consists of ferromagnetically ordered double layers of Mn moments in each Mn-C-Mn atomic trilayer, while the order between the double layers, separated by two Al atomic layers and one Cr-C-Cr trilayer, is antiparallel [ Fig. 3(c) , right-hand side]. The energy difference between these states is very small, with the dAFM order being ∼0.002 eV/f.u. lower than the FM one. Note that they are both considerably lower in energy, 0.094 and 0.092 eV/f.u., respectively, than the PM state, approximated by the DLM solution. In the M-site solid solution, on the other hand, the FM order is clearly more stable than both the dAFM (0.017 eV/f.u.) and the different AFM orders. Furthermore, the energy difference between the FM and DLM state in this case is 0.040 eV/f.u. It should be noted that the supercells made to describe the dAFM and DLM magnetic order, respectively, could not be constructed with an identical atomic configuration. Despite this, the calculated magnetic energy differences can be directly compared since the energies of the FM state for the two atomic configurations differ only by 0.004 eV/f.u. Nevertheless, the difficulties of theoretically resolving exact magnetic ground states for disordered systems, dictated by a delicate balance of varying magnetic interactions as well as chemical local environments, should be kept in mind. From the energy differences between ordered and completely disordered magnetism, the magnetic ordering temperature could be qualitatively estimated. For instance, the cubic Ti 0.5 Cr 0.5 N solid solution with an experimental Curie temperature between 140 and 170 K, 30, 31 was recently calculated to have an energy difference between the FM and DLM states of 0.041 eV per magnetic atom. 32 This is close to the result presented here for the chemically disordered state [see Fig. 3(b) ]. The much larger energy gain by magnetic ordering in the Mn-C-Mn ordered state (a factor of 2.3 larger) indicates that partially ordered (Cr 0.5 Mn 0.5 ) 2 AlC, not to mention compositions somewhat richer in Mn, may be FM also above room temperature.
An important observation should be made at this point: There is an exchange coupling between ferromagnetic-inthe-layer ordered Mn-rich layers in the (Cr 0.5 Mn 0.5 ) 2 AlC alloy, which can be either FM or AFM, depending on the degree of chemical disorder in the system. This observation strengthens an analogy between our system and exchangecoupled magnetic multilayers. 1 In the latter case, the exchange coupling can be tuned by the thickness of the spacer layer. We suggest another tuning mechanism for our system. Indeed, the consequences of a gradual chemical disordering of the ordered Mn-C-Mn configuration, which could be affected via, for instance, control of synthesis conditions, are shown in Fig. 3(b) . With increasing intermixing between Cr and Mn atoms, the FM order becomes more favorable than the dAFM-based magnetic order. These results suggest a path for tailoring the exchange coupling between the Mn-rich layers, where the degree of disorder is used as a tuning parameter, allowing systems ranging from a dAFM magnetic configuration [ Fig. 3(c) , right-hand side] to a FM configuration [ Fig. 3(c) , left-hand side] through a situation with a completely degenerate FM and dAFM configuration at ∼20% Cr admixture. A correlated tuned response to small external magnetic fields is expected, which is highly valuable for materials used in spintronics applications.
An electronic structure analysis for the FM Mn-C-Mn configuration is presented in Fig. 4 . The band structure shows metallic behavior in the basal plane, with numerous bands crossing the Fermi level. In the c direction, corresponding to the -A, L-M, and K-H directions in reciprocal space, no bands cross the Fermi level, and a dispersionless flatband character is evident. Hence, vastly anisotropic electrical properties are indicated. The same band characteristics, especially in the -A direction, are found also for the ordered dAFM configuration.
To date, and to the best of our knowledge, there are no thermodynamically stable magnetic MAX phase materials known. However, the results presented here predict a magnetic nanolaminate, (Cr 1−x Mn x ) 2 AlC, as a stable magnetic MAX phase with tunable exchange coupling between ferromagnetically ordered Mn-rich layers. In contrast to the conventional approach for the control of exchange coupling by varying the interlayer thickness 1 and the interface quality, 5 our results suggest that one can vary the M-element alloy composition as well as the degree of M-element intermixing to control the interlayer coupling. Taking advantage of the naturally layered structure of these materials and their highly anisotropic transport properties, which can additionally be tuned by X-element alloying, 12 there is a potential to use magnetic MAX phases for electronic and spintronic applications. Separately, or stacked together, the properties within each MAX phase layer can be tailored to optimize the performance. This concept can be realized in material synthesis with atomic-layer control, combining no interface mismatch and improved scalability with tuned magnetism, the latter by means of adjusting growth parameters, such as temperature, and hence promote structures and properties governed by self-organization.
